Objective: To test whether peptidylarginine deiminase inhibition, a novel approach to targeting arterial disease, can reduce vascular damage and inhibit innate immune responses in murine models of atherosclerosis. 
N eutrophils, along with other inflammatory cells, infiltrate murine atherosclerotic plaques. [1] [2] [3] [4] Furthermore, an intriguing role has recently been suggested for neutrophil extracellular trap (NET) formation in this process. 5, 6 NETs are proinflammatory, antimicrobial structures consisting of extracellular chromatin decorated with granular and cytoplasmic proteins, such as myeloperoxidase (MPO), neutrophil elastase, and cathelicidin-LL37 (or the murine ortholog cathelicidin-related antimicrobial peptide [CRAMP] ). 7, 8 In addition to causing direct organ and endothelial toxicity, 9, 10 NETs stimulate plasmacytoid dendritic cells (pDCs) to release interferon-α (IFN-α), [11] [12] [13] a cytokine with recognized proatherogenic properties. [14] [15] [16] [17] [18] Through profound effects on platelet and coagulation factor activation, NETs can also promote clotting, as recently recognized in deep vein thrombosis models. [19] [20] [21] [22] In This Issue, see p 929
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NETs contain deiminated (citrullinated) histones, and there is evidence that histone deimination by peptidylarginine deiminase 4 (PAD4) plays a fundamental role in NET formation. Indeed, PAD4 −/− mice do not form NETs, whereas chemical inhibition of PAD4 can also abrogate NET formation by human neutrophils in vitro and mouse neutrophils in vivo. 23, 24 Cl-amidine is a haloacetamidine-based peptidylarginine deiminase (PAD) inhibitor, which preferentially targets PAD4 over PAD2. 25 Previous work from our group and others has suggested that neutrophils are the primary inflammatory/immune cell affected by this highly specific PAD inhibitor. 26, 27 Indeed, we recently showed that NET formation plays a pathogenic role in a model of murine systemic lupus erythematosus (SLE), where treatment with Cl-amidine can Furthermore, in that model, Cl-amidine led to a striking abrogation of vascular abnormalities attributable to SLE, including endothelial dysfunction, abnormal vascular repair, and arterial thrombosis. 26 Given recent evidence that, similar to SLE, atherosclerosis is exacerbated by both NET formation and IFN-α production, 5, 6, 16 we tested whether PAD inhibition might mitigate atherosclerosis in the apolipoprotein-E (Apoe)
−/− murine model. We found a striking improvement in atherosclerosis, which our evidence suggests is at least partially attributable to abrogation of NET formation and local IFN-α production.
Methods
An expanded Materials and Methods section is available in the Online Data Supplement.
Mice and Drug Treatment
C57BL/6 control and Apoe −/− (B6.129P2-Apoe tm1Unc /J) mice were purchased from The Jackson Laboratory (Bar Harbor, ME). The Apoe −/− Ifnαβr −/− mice, which also have a knockout of the type I IFN receptor, have previously been generated and described by us. 18 N-α-benzoyl-N5-(2-chloro-1-iminoethyl)-L-ornithine amide, or Cl-amidine, 28 was synthesized as previously described. 29 Unless otherwise specified, mice were treated with either Cl-amidine (10 mg/ kg/d) or an equal volume of phosphate-buffered saline (PBS) by daily subcutaneous injection, beginning at 7 weeks and through euthanasia at 18 weeks. This dose of Cl-amidine has been published previously. 26, 27 Mice were fed high-fat chow (42% from fat) beginning at 8 weeks and until euthanasia. For in vitro experiments, Cl-amidine was used at a concentration of 200 μmol/L.
Quantification of Atherosclerosis
Processing and quantification were performed as previously described. 30, 31 Briefly, arterial trees were stained with Oil Red O to quantify the atherosclerotic surface area occupied in the aortic arch, brachiocephalic trunk, common carotid arteries, and subclavian arteries. Furthermore, paraffin-embedded arteries were sectioned through the aortic sinus and stained with hematoxylin and eosin; the lipid-rich region of the intima (containing foam cells and cholesterol clefts) was quantified in cross-section as a percentage of total intimal area.
Induction of Carotid Artery Thrombosis by Photochemical Injury
This was performed as described previously. 18 Briefly, rose bengal dye (Fisher Scientific, Pittsburgh, PA) was injected into the tail vein (50 mg/kg in PBS), and a 1.5-mW green light laser was applied to the carotid artery injury from a distance of 6 cm, and the vessel was monitored until occlusive thrombosis occurred.
Neutrophil Isolation and Neutrophil Assays
Bone marrow neutrophils were isolated as described. 32 NET quantification and immunofluorescence microscopy was as previously described by us. 13 The generation of H 2 O 2 by neutrophils was quantified as described.
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Quantification of L-Selectin Shedding
In some cases, samples were preincubated with TAPI-0 (100 ug/mL) or Cl-amidine (200 μmol/L) for 30 minutes, before stimulation with phorbol-12-myristate-13-acetate (100 nmol/L) for another 30 minutes. Cells were then stained with fluorochrome-labeled antibodies to L-selectin (BioLegend, San Diego, CA) and Ly-6G (BD Pharmingen, San Jose, CA), and analyzed by flow cytometry. The hydroxamic acid based L-selectin sheddase inhibitor KD-IX-73-4 (TAPI-0) was purchased from Peptides International (Louisville, KY).
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Clearance of Lipids From Serum
Lipids were removed by Cleanascite Lipid Removal Reagent (Biotech Support Group, Monmouth Junction, NJ).
Enzyme-Linked Immunosorbent Assay and Multiplex Assay
Commercial enzyme-linked immunosorbent assays for murine antidouble-stranded DNA (dsDNA) antibodies and total immunoglobulin G were performed according to manufacturer instructions (Alpha Diagnostic, San Antonio, TX). In house enzyme-linked immunosorbent assays for anti-NETs and anti-CRAMP are described in Methods in the online Data Supplement. A multiplex assay for 5 cytokines (IFN-γ, IL-2, IL-4, IL-5, and TNF-α) was with a MILLIPLEX MAP Mouse Cytokine/ Chemokine Magnetic Bead Panel (EMD Millipore, Billerica, MA).
Quantitative Polymerase Chain Reaction
RNA isolation and quantitative PCR were performed as described.
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RNA Integrity Number (RIN) was >7 for all included samples. Statistical significance was determined by comparing groups of ΔCt values using a 2-tailed Student t test, and ΔΔCt values were then determined by comparing the averages of the 2 groups.
Detection of Neutrophil-Platelet Aggregates
This was similar to what has been previously described, 18 with neutrophil-platelet aggregates (Ly-6G+CD61+) quantified in fresh heparinized blood.
Neutrophil Depletion
Neutrophils were depleted as described. 4 In brief, depletion was with intraperitoneal injection of monoclonal antibody 1A8 (BioXCell, West Lebanon, NH). Mice were specifically treated with 100 μg of the antibody every other day from weeks 8 to 18. The control antibody 2A3 was also from BioXCell.
Statistical Analysis and Oversight
Unless otherwise indicated, results are presented as the mean and standard error of the mean (SEM), and statistical analysis was performed using Student t test in GraphPad Prism software version 5. All protocols were approved by the Committee on Use and Care of Animals of the University of Michigan. Figure 1A and 1B), as well as by quantification of cross-sectional atherosclerotic lesion area ( Figure 1C ). There was a statistically significant correlation between the 2 methods of analysis (for en face versus cross-sectional, linear regression P=0.0296). Furthermore, mice treated with Cl-amidine displayed prolongation of time to thrombosis in a photochemical injury model ( Figure 1D ). There was a statistically significant inverse correlation between lesion area and time to thrombosis ( Figure 1E ). Figure 2C ). Neutrophils isolated from young Apoe −/− mice have a low rate of NET formation (<1%) in the absence of serum. Although serum from control C57BL/6 mice and young Apoe −/− mice did not stimulate NET formation, serum from aged, high-fat chow-fed Apoe −/− mice was significantly stimulatory ( Figure 2C ). This stimulation was not abrogated by lipid depletion ( Figure 2C ). These findings suggest that circulating factors in mice with atherosclerotic lesions are stimulatory to NET formation, independent of lipid content.
Results
PAD
Increased titers of autoantibodies (autoAbs) have previously been demonstrated in Apoe −/− mice, as well as in humans with idiopathic atherosclerosis. 5, 37 To investigate this observation in more detail, and to better understand its relevance to NETs, we tested whether immunoglobulin G isolated from Apoe −/− mice could recognize NETs, as determined by immunofluorescence microscopy and enzyme-linked immunosorbent assay. Serum immunoglobulin G from aged mice bound NETs at a dilution that gave undetectable binding with serum from younger Apoe −/− mice ( Figure 2D and 2E). CRAMP, the murine ortholog of human LL37, is known to be externalized in NETs. LL37/CRAMP has been implicated in triggering autoimmune response in SLE, 12 and to play a prominent role in atherosclerosis development in murine systems. 6 When Apoe −/− mice were fed a high-fat chow diet, they developed increased titers of anti-CRAMP autoAbs ( Figure 2F ). Overall, these results suggest that Apoe −/− mice develop an immune response directed at autoantigens externalized in the NETs, reminiscent of what has been previously described in SLE models.
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IFN Expression Is Upregulated in Atherosclerotic Lesions
Several groups have shown that NETs signal through toll-like receptors to stimulate IFN-α production by pDCs in SLE, [11] [12] [13] a concept also recently suggested for atherosclerosis. II IFNs (IFN-α and IFN-γ, respectively), as well as a panel of IFN-responsive genes, in aortic tissue. We confirmed enhanced expression of the IFN-α gene, as well as several of the IFNresponsive genes, in aortic arches from older mice fed high-fat chow, as compared with younger mice ( Figure 3A ). In contrast, there were no significant differences in these genes when comparing spleens isolated from the same mice (data not shown).
We also detected markers of NETs in the aortic arches of older mice fed high-fat chow, as compared with younger mice. By Western blotting, H3-Cit protein was significantly Mean and SEM are plotted. *P<0.05, **P<0.01, and ***P<0.001; P values that did not reach significance are indicated. B, Protein was prepared from aortic arches of the indicated Apoe −/− mice. Protein from 5 mice per group was pooled and 20 μg of total protein was resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis before Western blotting with the indicated antibodies. C, Low magnification view of an atherosclerotic lesion with a phase-contrast image showing intima (I), media (M), and adventitia (A). DNA is stained blue, and MPO is stained green, with an overlay to the far right. Scale bar=100 μm. D, A higher magnification view of the media/adventitia interface shows an MPOpositive cell in more detail. Extracellular MPO (green) juxtaposed with decondensed DNA (blue) is seen (red arrowhead); in the middle, the DNA channel is shown in grayscale to improve contrast. Scale bar=20 μm. . Detection of bound antibodies was with Texas-Red-conjugated anti-immunoglobulin G; DNA is stained blue. Scale bars=50 μm. E, NET proteins were prepared as described in Methods and used to coat plates for the enzyme-linked immunosorbent assay (ELISA). Optical density (OD) index normalizes data to the average value for C57BL/6 mice. Box-and-whisker plots show data for 8 mice per group, with boxes representing the median, 25th percentile, and 75th percentile; whiskers delineate the minimum and maximum values. **P<0.01; ***P<0.001. F, An ELISA for anti-cathelicidin-related antimicrobial peptide (CRAMP) was performed as described in Methods. Some Apoe −/− mice were placed on high-fat chow (HF) beginning at 8 weeks of age; others remained on regular chow (reg). OD index normalizes data to the average value for control mice. Mean and SEM are plotted, with n≥8 per group. *P<0.05 and ***P<0.001 when compared with C57BL/6 control mice. upregulated ( Figure 3B) . Furthermore, by immunofluorescence of aortic sinus plaques, MPO-positive cells could be detected infiltrating the media and adventitia ( Figure 3C ). In many cases, the MPO-positive cells demonstrated nuclear decondensation and extracellular MPO, where the MPO staining overlapped with DNA ( Figure 3D ), a staining pattern consistent with NETs. Overall, these observations indicate that diseased arteries are associated with enhanced neutrophil netting and local IFN responses, with a time course and localization that parallels the development of atherosclerosis.
Cl-Amidine Abrogates NET Formation
Because Apoe −/− mice displayed evidence of enhanced NET formation and IFN responses, we tested the impact of PAD inhibition on these parameters. First, we demonstrated in vitro that Cl-amidine was relatively specific for NET inhibition. Although Cl-amidine robustly blocked NET formation by neutrophils ( Figure 4A ), neither H 2 O 2 production ( Figure 4B ) nor L-selectin shedding ( Figure 4C ) was affected. When administered in vivo, Cl-amidine treatment did not alter weight ( Figure 5A ), and lipid profile was also largely unchanged, except for a slight (3.8 mg/ dL) increase in HDL levels with Cl-amidine, when compared with vehicle treatment ( Figure 5B ). Although NET formation was significantly reduced in mice treated with Cl-amidine ( Figure 5C ), the regulation of neutrophil adherence molecules was not affected based on quantification of neutrophil-platelet aggregates ( Figure 5D ). Furthermore, with Cl-amidine treatment, no significant changes were detected in circulating levels of TNF-α, IFN-γ, IL-4, anti-CRAMP, or total immunoglobulin G ( Figure 5E , and data not shown). In summary, Cl-amidine had a relatively specific effect on NET formation, without targeting other neutrophil functions, or autoantibody titers. Combined with previous work by us and others with this agent, 26, 27 we propose that Cl-amidine primarily impacts the immune system through abrogation of NET formation.
PAD Inhibition Reduces the Recruitment of Netting Neutrophils to the Media and Adventitia of Apoe −/− Aortic Sinus Lesions
To further understand the mechanism by which PAD inhibition reduces atherosclerosis, we analyzed the inflammatory infiltrates of aortic sinus arterial lesions. Although F4/80 (macrophage) staining highlighted areas of the intima bordering on the vessel lumen, a distinctly different pattern was observed for Ly-6G (neutrophil) and H3-Cit (netting neutrophils) staining, which highlighted cells clustering in the media and at the media-adventitia interface (see Figure 6A for representative staining). Quantification of these areas revealed a significant decrease in both H3-Cit-and Ly-6G-positive cells when mice were treated with Cl-amidine ( Figure 6B-D) . Furthermore, there was a significant reduction in F4/80-positive area within the intima of Cl-amidine-treated mice ( Figure 6E ), although H3-Cit staining did no colocalize with this region. Importantly, the number of H3-Cit-positive cells correlated directly with lesion area ( Figure 6C ). In contrast, neither Ly-6G-positive cells nor F4/80-positive staining showed a statistically significant correlation (data not shown). These data demonstrate that Cl-amidine can reduce the infiltration of macrophages into the intima, and of netting neutrophils into the media and adventitia.
Given that NETs are recognized promoters of IFN-α production in SLE, [11] [12] [13] as well as atherosclerosis, 5, 16 we predicted that reduced NET formation in arterial lesions would also lead to downregulation of IFN-α expression. Indeed, by quantitative PCR, we found a 5-fold repression of the IFNA gene with Cl-amidine treatment ( Figure 6F ). This repression was not seen in the spleens of the same animals (data not shown) nor was it seen for the IFNG gene. The only IFN-responsive gene to show a slight trend toward repression was MX1 (the tested gene most selective for IFN-α as compared with IFN-γ), 38 although this did not reach statistical significance ( Figure 6F ). Cl-amidine also downregulated H3-Cit protein by Western blot in the same samples for which quantitative PCR was performed ( Figure 6G ). To summarize, PAD inhibition represses IFN-α synthesis, probably by blocking NET formation.
Cl-Amidine Does Not Protect Against Atherosclerosis in Neutropenic or in Type I IFN Receptor-Deficient Mice
It has previously been shown that neutrophil depletion with an anti-Ly-6G antibody protects against atherosclerosis in B A Apoe −/− mice. 4 Here, we hypothesized that if Cl-amidine were primarily providing its protective effects by inhibiting neutrophil function, then Cl-amidine would mitigate atherosclerosis after neutrophil depletion. Using a published treatment regimen, 4 Apoe −/− mice were administered either a control or anti-Ly-6G antibody, from 8 to 18 weeks. Mice were at the same time treated with Cl-amidine or vehicle, as above, from 7 to 18 weeks. With this regimen, Ly-6G-positive neutrophils remained effectively depleted at 18 weeks of age ( Figure 7A ). Furthermore, there was a strong trend toward reduction in atherosclerosis with anti-Ly-6G treatment ( Figure 7B , compare the first and second conditions). Importantly, in the background of neutrophil depletion, Cl-amidine did not provide any further protection ( Figure 7B , compare the second and third conditions).
Our group has previously shown that atherosclerosis is reduced in Apoe −/− mice that also carry a mutation in the type I IFN receptor gene. 18 Similar to neutropenic mice, these Apoe −/− Ifnαβr −/− mice were not protected by treatment with Cl-amidine ( Figure 7C ). In summary, Cl-amidine does not protect against atherosclerosis in the background of neutrophil depletion or type I IFN receptor deletion, suggesting that Cl-amidine likely acts through a neutrophil-based pathway, such as NET formation, and the induction of type I IFN responses in the artery.
Discussion
Recent studies have observed the infiltration of netting neutrophils into the atheromatous lesions of mice. [4] [5] [6] Indeed, in murine systems, depletion of either whole neutrophils or the NET component CRAMP can protect against atherosclerosis, 4, 6 whereas treatment with exogenously prepared CRAMP-DNA complexes can accelerate disease. 5 Netting neutrophils can also be detected in the blood of patients with severe coronary atherosclerosis, 39 as well as in the atherosclerotic plaques themselves. 40 Furthermore, in human plaques, PAD4 has been observed deiminating fibrinogen to generate a novel rheumatoid arthritis autoantigen. 41 Although the cellular sources of this PAD4 have not been explored, 41 neutrophils are a prime candidate. Our group recently showed that PAD inhibition reduces NET formation, alters markers of autoimmunity, and potently mitigates vascular damage in a murine model of SLE, 26 a disease process that is highly dependent on type I IFNs like IFN-α. 42 Although disruption of PAD activity has been considered in a model of venous thrombosis, 43 it has not been evaluated in a pure model of arterial damage or atherosclerosis.
We now report that Apoe −/− mice are protected from atherosclerosis when treated with the PAD inhibitor Cl-amidine. We also show that PAD inhibition abrogates NET release, mitigates arterial type I IFN responses, and reduces the number of netting neutrophils that infiltrate the media and adventitia of atheromatous lesions. The fact that we did not see further protection with Cl-amidine in neutropenic mice, or in mice lacking the type I IFN receptor, suggests that the protective effects of Cl-amidine are primarily through downregulation of neutrophil and IFN pathways. And because Cl-amidine specifically targets NET formation, but not other neutrophil functions, 26, 27 we have now demonstrated in vivo a causative role for neutrophil netting in the development of murine atherosclerosis. Importantly, previous studies by our group and others have not identified a role for PAD inhibition in modulation of the phenotype and function of other immune cells, including lymphocytes and natural killer cells. 26, 27 Cl-amidine prolonged the time to carotid thrombosis in these mice, which could be related to mitigation of vascular disease burden since an inverse correlation between lesion area and time to thrombosis was observed. Furthermore, previous work indicates that NETs infiltrate and stimulate venous and arterial thrombosis through effects on platelets and coagulation factors 19, 26 ; it is therefore plausible that the decrease in −/− mice were treated with vehicle or Cl-amidine from 7 to 18 weeks of age. A, Body weight was recorded at the indicated time points. B, Serum was collected at 18 weeks of age and total cholesterol, triglycerides, and HDL were determined by direct measurement; LDL was calculated. *P<0.05; no other comparison of vehicle versus Cl-amidine was significant C, Bone marrow neutrophils were isolated at 18 weeks of age and stimulated with phorbol-12-myristate-13-acetate (PMA). **P<0.01. D, Neutrophil-platelet aggregates (NPA) were determined in blood at 18 weeks of age. NPA were defined as events positive for both Ly-6G and CD61. The percentage is calculated relative to total Ly-6G-positive cells. E, Serum cytokine levels were measured by multiplex assay; ns=not significant. A-E, n=10 per group. For A, C, D, and E, the mean and SEM are plotted. For B, boxes represent the median, 25th percentile, and 75th percentile; whiskers delineate the minimum and maximum values.
prothrombotic phenotype was attributable, at least in part, to impaired neutrophil function. Indeed, in venous injury models, neutrophil PAD4 has been found to be critical for clots to form in vivo. 41 Our results newly support an important role for neutrophil posttranslational modifications (deimination) and chromatin decondensation (NET formation) in thrombus formation in animal models of atherosclerosis. This has potentially important clinical implications, given the wellrecognized role of arterial thrombosis in atherosclerosis-mediated tissue ischemia.
Our group and others have shown that type I IFNs are proatherogenic and have pleiotropic deleterious effects in the vasculature. [14] [15] [16] [17] [18] Furthermore, depletion of IFN-producing pDCs reduces plaque area and macrophage recruitment, 16 and protein-DNA complexes derived from NETs activate pDCs to accelerate atherosclerosis in Apoe −/− mice. 5 Indeed, both NETs and CRAMP have been detected at the luminal surface of early atherosclerotic lesions, whereas depletion of either pDCs or CRAMP protects against atherosclerosis. 5, 6 A notable difference in our study is that, as has also been reported by others, 2, 44 neutrophils were detected in the media and the media-adventitia interface, and were only rarely found along the luminal surface of lesions. It should be noted that we quantified cells at a later time point than some other studies, 5, 6 and did not use live image capture; as such, cells transiently associated with the endothelial surface could have been lost during processing for immunohistochemistry. It is certainly possible that neutrophils and NETs play important roles both in the initiating events of atherogenesis such as endothelial damage, 5, 6 and in later events like the IFN-mediated recruitment of macrophages to developing lesions; indeed, a reduction in arterial macrophage infiltration was evident after Cl-amidine treatment. Although Cl-amidine was effective as a preventive strategy for plaque formation, significant changes were not seen if started once atheroma formation was well underway. This is in line with previous work demonstrating a particular role for neutrophils in the early stages of murine atherosclerosis. 4 Future studies should continue to address, in various murine and human systems, whether more targeted PAD inhibition might have therapeutic effects in reversing atherosclerosis rather than preventing it. Furthermore, given the well-recognized association between inflammatory disorders and atherosclerosis, [45] [46] [47] [48] this preventive data could still have significant clinical implications for the subset of patients known to be prone to accelerated atherosclerosis.
Whether the modest increase in HDL induced by Cl-amidine could have played a role in plaque inhibition is unclear and will require further study. We previously reported that Apoe −/− mice that lack type I IFN receptor signaling display increases in HDL. 18 As such, it is possible that the effect of Cl-amidine on HDL quantity is through abrogation of proinflammatory cellular responses mediated by type I IFNs.
In conclusion, a possible therapeutic intervention for humans, pharmacological PAD inhibition, significantly decreases atherosclerosis burden and mitigates arterial thrombosis in the Apoe −/− model. Future studies should focus on more specific PAD4 inhibition by chemical and genetic strategies, as well as different dosing strategies for already described PAD inhibitors like Cl-amidine. Other areas needing investigation include the potential implications of atheroma-derived PAD activity beyond NET formation, 41 and the different circulating factors-such as autoAbs, inflammatory cytokines, and activated platelets-that may predispose neutrophils toward netting. Overall, our observations further support the notion that innate immune responses, specifically NETs and type I IFNs, play prominent roles in the pathogenesis of atherosclerosis. These pathways should be further studies as therapeutic targets to mitigate atherosclerosis and thrombotic risk in the general population. Figure 7 . Cl-amidine does not protect against atherosclerosis in neutropenic mice. A, Apoe −/− mice exposed to high-fat chow were treated with vehicle or Cl-amidine from 7 to 18 weeks of age as indicated. Mice were also treated with either anti-Ly-6G or a control antibody from 8 to 18 weeks of age as indicated. At 18 weeks of age, peripheral blood was collected and anti-Ly-6G-positive cells were determined by flow cytometry as a percentage of total circulating leukocytes. B, Mice were treated as in A, and atherosclerotic lesions were quantified in arterial trees by en face Oil Red O staining. C, Apoe −/− Ifnαβr −/− mice lack the type I IFN receptor. These mice were exposed to high-fat chow, and were treated with vehicle or Cl-amidine from 7 to 18 weeks of age as indicated. Atherosclerotic lesions were quantified in arterial trees by en face Oil Red O staining. For all experiments, boxand-whisker plots show data for 10 mice per group, with boxes representing the median, 25th percentile, and 75th percentile; whiskers delineate the minimum and maximum values. *P<0.05; **P<0.01; ns indicates not significant. One P value that approaches significance is denoted.
